Abstract: A plasmonic resonator system composed of a metal-insulator-metal waveguide coupled with a disk and a ring cavity was proposed to produce double Fano resonances, which resulted from the coupling between the narrow discrete resonances of the ring cavity and the broad spectrum of the disk resonator. Based on the proposed structure, endcoupled cavities are added to form new coupled plasmonic resonator systems, which can support triple and quadruple Fano resonances, and the multiple Fano resonances can be tuned semi-independently by changing the parameters of the end-coupled cavities. These characteristics offer flexibility in the design of the highly integrated circuits. Also, the proposed structure can work as a highly efficient plasmonic nanosensor, which yields a sensitivity of ∼1100 nm/RIU and figure of merit (FOM) of ∼2.73 × 10 4 . The proposed structure may have potential applications for nanosensing, slow light, and nonlinear devices in highly integrated devices.
Introduction
Fano resonance is the coupling effect which results from the coherent interference between a discrete state and a continuous state [1] . Because of the sharp asymmetric spectral line-shape and the strong field enhancement, Fano resonances have a broad range of applications in sensors, modulators, slow light and nonlinear processes [2] - [5] . In recent years, Fano resonances in metallic nanostructure have attracted enormous attention, since surface plasmon polaritons (SPPs) can overcome the diffraction limit and confine light in deep sub-wavelength dimensions [6] . A variety of plasmonic structures have been proposed to realize the Fano resonance, such as ring or disk cavities [7] - [9] , plasmonic nanoclusters [10] - [12] , optical antennas [13] - [15] , nano-slits [3] , [16] , and metal-insulator-metal (MIM) waveguide structures [17] - [21] . Among all the structures, the MIM waveguide structures have gained more attention because these structures are more suitable for the highly integrated photonic circuits due to their deep sub-wavelength confinement of light. And based on the MIM waveguides, a large number of devices, such as splitters [22] , [23] , filters [24] , [25] , sensors [2] , [17] , [26] , and slow-light devices [27] , [28] have been designed and demonstrated in theory and experiment. Recently, the multiple Fano resonances become more important and have gained much attention due to the advantage for enhanced bio-chemical sensing, multicolor spectroscopy and broadband nonlinear processes [29] - [31] . Moreover, it is desirable to actively tune the Fano resonances in practical applications for optical computing and processing. However, because the multiple Fano resonances are caused by the collective behavior of the total plasmonic systems, it is difficult to make an independent and precise tuning for the multiple Fano resonances.
In this paper, tunable multiple Fano resonances are realized in coupled plasmonic resonator system. Firstly, a plasmonic resonator system composed of a MIM waveguide coupled with a disk and a ring cavity is investigated. The double Fano resonances produced by this structure originate from the coupling between the narrow discrete resonances of the ring cavity and the broad spectrum of the disk resonator. Based on the proposed structure, a stub cavity and a groove cavity are added in succession, so as to form new coupled plasmonic resonator systems which can support triple and quadruple Fano resonances. Because the multiple Fano resonances originate from different mechanisms, they can be tuned semi-independently by changing the parameters of the stub or groove cavity. Simulation results also show that the proposed structure can work as a highly efficient plasmonic nanosensor with a sensitivity of ∼1100 nm/RIU and figure of merit (FOM) of ∼2.73 × 10 4 . The proposed structure may provide a new way to realize independently tunable multiple Fano resonances and may have potential applications for sensing, slow light and nonlinear devices in highly integrated devices.
Structure Model and Theoretical Analysis
The basic scheme of the plasmonic resonator system is shown in Fig. 1 , which is composed of a MIM waveguide coupled with a disk and a ring cavity. The system is a two-dimensional model, the gray and white parts are defined as Ag and Air, respectively. The total length of the structure is 3 μm. The width of the MIM waveguide is set as w = 50 nm to cut off higher-order modes. The radius of the disk is r = 50 nm, the outer and inner radii of the ring resonator are R 1 = 250 nm and R 2 = 200 nm, respectively. This set the resonance wavelength of our system in the range of visible and near infrared, which is very useful to photonic applications. The coupling distance between the disk and ring cavity is g = 10 nm, which is limited by the nanofabrication techniques. In order to investigate the optical properties of the proposed system, the transmission spectra are numerically calculated using the finite-difference time-domain (FDTD) method. PML layers are set at the boundaries of the structure, and the grid size is set as 4 nm × 4 nm. In order to excite SPPs, the input light is set to be transverse magnetic (TM) mode source. The optical constants of Ag are obtained from the experiment data by Johnson and Christy [32] .
In practical applications, ohmic losses of plasmonic waveguides have great influence on the SPPs transmission, so the size of structures must be paid attention to. The effective length of such structures is mainly determined by the propagation length of SPP which is defined as L spps = λ 0 /[4πIm(n eff )], where λ 0 is the free-space photon wavelength and n eff is the effective refractive index of the waveguide. The calculated propagation length is shown in Fig. 1(b) . The result shows that the propagation length is longer than 20 μm in the range of visible and near infrared, which is much larger than the size of the proposed structure so the ohmic losses can be ignored.
For a MIM waveguide coupling resonator, the resonance wavelength can be determined by the standing wave theory [25] , [33] :
Where n eff represents the effective index of the SPPs in the MIM waveguide which can be obtained by solving the eigenfunction of the MIM waveguide, ϕ is the phase shift introduced by the SPP reflection off the metal wall in the resonator, L eff represents the effective length of the resonator and N represents the resonance orders in the cavity. Based on (1), it can be obtained that the dependence of the variation of the resonant wavelength on the resonator length L eff is:
The transmission spectrum of the disk-ring resonator system in Fig. 1 (a) is displayed in Fig. 2 (a). The calculated transmission spectrum contains double Fano resonances called as FR 1 and FR 2 , respectively. The transmission spectra of the disk and single ring cavity are also calculated. The disk represents a broad transmission spectrum with a dip at λ = 884 nm, while the transmission spectrum of the single ring cavity contains two narrow and discrete dips at λ = 678 nm and λ = 995 nm, respectively. The origin of the two sharp Fano resonances FR 1 and FR 2 can be explained by the interference of the narrow discrete state (ring cavity) and the broad continuum state (disk). The coherence properties (constructive or destructive) are reverse near the opposite sides of the resonant wavelength, forming the asymmetric Fano resonance line-shapes. To further understand the underlying physics of the Fano resonances in the proposed system, the distribution of normalized magnetic field intensity (|H z | 2 ) at the peak of FR 1 (λ = 685 nm) and FR 2 (λ = 996 nm) are displayed in Fig. 2(b) and (c), respectively. It can be seen that almost all the energy confined in the ring cavity at FR 1 and FR 2 , indicating that both FR 1 and FR 2 are influenced by the ring cavity. FR 1 and FR 2 can be distinguished by the resonant orders of the ring cavity which indicate that FR 1 represents the N = 6 order ring mode and FR 2 represents the N = 4 order ring mode. The effective length of the ring cavity can be approximated as L eff = 2 × π × (R 1 + R 2 )/2, and it can be calculated that the effective refractive index of the SPPs in this MIM waveguide is n eff = 1.46 at λ = 685 nm and n eff = 1.41 at λ = 996 nm, so based on (1), it is easy to obtain that the resonant wavelength of FR 1 and FR 2 are λ = 688 nm and λ = 997 nm, which corresponds well with the simulation results.
As the Fano resonance is induced by the coupling between the disk and ring resonator, the transmittance and wavelength of the Fano peaks will be affected by the gap size g. Moreover, since the accuracy of fabrication must be considered in the realization of the device, it is vital to investigate the fabrication tolerances for the proposed structure. We calculated the transmission spectra of the disk-ring resonator system for different gap size g from 10 nm to 18 nm, which are shown in Fig. 2(d) . The result shows that while the transmittance of the Fano peaks decrease with increasing gap size, the wavelength of the Fano peaks have little change, which indicates good stability of the characteristics of the structure. 
Transmission Properties of the Extended Structure
The disk-ring resonator system discussed above is flexible and can be easily extended to a multiple Fano resonances system by adding derivative structures.
Triple Fano Resonances Induced by Adding an End-Coupled Stub Cavity
Herein, an end-coupled stub cavity is added to the right side of the inner disk of the ring cavity, as shown in Fig. 3(a) . In order to investigate the optical properties of the proposed structure, the transmission spectrum is numerically calculated, as shown in Fig. 3(b) . The width and length of the stub cavity are set as d = 50 nm and L 1 = 100 nm, respectively. Comparing to the transmittance spectrum of the disk-ring resonator system, it can be seen that FR 1 is slightly moved, while FR 2 vanishes and double new Fano resonance line-shapes arise. We call them new Fano resonance 1 (NFR 1 ) and new Fano resonance 2 (NFR 2 ), for the convenience of discussion. To explain the origin of the triple Fano resonance in this stub-coupled system, the distribution of normalized magnetic field intensity (|H z | 2 ) at the peak of FR 1 (λ = 681 nm), NFR 1 (λ = 772 nm) and NFR 2 (λ = 1085 nm) are numerically calculated as displayed in Fig. 3(c) -(e), respectively. The field distribution at FR 1 is almost exactly the same with which shown in Fig. 2(b) , indicating that it is still the ring mode and is not affected by the stub cavity. It is noticed that the stub cavity is located at the node of the 3rd ring mode, so it will not be coupled to this mode. While the field distributions at NFR 1 and NFR 2 are of a big difference where the magnetic field intensity are confined in the stub cavity, indicating that the stub cavity is coupled to the ring cavity and generate two new modes which can be called as the stub modes.
Furthermore, it is found that the transmission spectrum of the proposed structure can be tuned by changing the parameters of its components. Herein, we calculated the tuning of the resonant wavelengths on the variable L 1 and the other parameters keep fixed. When L 1 alters from 80 nm to 120 nm, the transmission spectra are displayed in Fig. 4(a) -(e), respectively. It can be seen that FR 1 keeps fixed through changing the length of the stub cavity, which confirms that FR 1 is the ring mode so it will not be affected by changing the length of the stub cavity. NFR 1 and NFR 2 both make a red shift with the length of stub cavity increasing from 80 nm to 120 nm, as NFR 1 from 743 nm to 803 nm and NFR 2 from 1060 nm to 1114 nm, respectively. According to (2) , the resonant wavelength is proportional to the effective length of the cavity, which can lead to the result that λ ∝ L 1 . This implies linear red shift in the resonant wavelength and is consistent with the symbol lines in Fig. 4 .
Successively, we investigate the sensing performance of our structure. Sensing is one of the most important applications of Fano resonance. The sensitivity (S) and the figure of merit (FOM) are two key parameters widely used to evaluate the sensing performance of the Fano resonance, as expressed as S = dλ/dn(λ) and FOM = T/T n [18] , [34] , where T/ n represents the transmittance variation induced by the change of refractive index. It can be predicted that an ultralow transmittance and a sharp increase of the transmittance induced by refractive index changes are preferred for obtaining a high FOM. We calculated the sensing performance of the proposed structure, and the results are shown in Fig. 5(a) and (b) . The resonant wavelength has a red shift with refractive index increasing from 1 to 1.06. The proposed structure has a good sensitivity, about 650 nm/RIU for FR 1 , 750 nm/RIU for NFR 1 and 1000 nm/RIU for NFR 2 , which is better compared with those in the references [2] , [21] , [35] . The FOM curve is shown in Fig. 5(b) , and the maximum can reach as FOM = 8984 at λ = 1079 nm, which is higher than those plasmonic sensors reported previously [17] , [18] , [26] . The outstanding sensing performance is due to ultra-sharp Fano line shapes, which results in sharp change of transmittance induced by refractive index variations.
Quadruple Fano Resonances Induced by Adding Another Groove Cavity
To further investigate the multiple Fano resonances in this system, another groove cavity is added to the right side of the outer disk of the ring cavity, as shown in Fig. 6(a) . The width of the stub cavity and groove cavity are fixed as d = 50 nm, and the length of the stub cavity and groove cavity are set as L 1 = 100 nm and L 2 = 160 nm, respectively. The transmission spectrum of the proposed structure is shown in Fig. 6(b) , and the transmission spectra of structures which contains single stub or groove cavity are also calculated. The calculated transmission spectrum contains quadruple Fano resonances, and two more new Fano resonance line-shapes emerge which are called as new Fano resonance 3 (NFR 3 ) and new Fano resonance 4 (NFR 4 ). It is noticed that the transmission spectrum of the proposed structure coincides with single stub-coupled structure at FR 1 and NFR 1 , indicating that FR 1 still represents the ring mode and NFR 1 still represents the stub mode according to the discussion in Section 3.1. Meanwhile, it coincides with single groove-coupled structure at 2 ) at the peak of FR 1 (λ = 678 nm), NFR 1 (λ = 772 nm), NFR 3 (λ = 1195 nm) and NFR 4 (λ = 925 nm) are numerically calculated as displayed in Fig. 6(c)-(f) , respectively. According to the field intensity distributions, it is apparent that FR 1 , NFR 1 and NFR 3 represent the ring mode, stub mode and groove mode respectively, which corresponds well with the analysis above. And the field intensity at NFR 4 is confined in both the stub and the groove cavity, so it can be called as the stub-groove mode.
Since the quadruple Fano resonances are generated from different modes which are related to the stub and groove cavity in the structure, they can be tuned by changing the parameters of the stub and groove cavity. Herein, we calculated the tuning of the resonant wavelengths on the variable L 1 or L 2 , while the other parameters keep fixed. As shown in Fig. 7(a) -(e), when L 1 is fixed at 100 nm and L 2 is altered from 150 nm to 190 nm, NFR 3 makes a red shift from 1183 nm to 1248 nm, and NFR 4 makes a red shift from 908 nm to 977 nm, while FR 1 and NFR 1 keep fixed since they will not be affected by the groove cavity. The tuning of NFR 4 has little effect on NFR 1 but has evident effect on NFR 3 , this kind of tuning is called 'semi-independent tuning'. And as shown in Fig. 7(f)-(j) , when L 2 is fixed at 160 nm and L 1 is altered from 100 nm to 116 nm, NFR 1 makes a red shift from 772 nm to 794 nm, and NFR 4 makes a red shift from 925 nm to 959 nm, while FR 1 and NFR 3 keep fixed since they will not be affected by the stub cavity. The tuning of NFR 4 has little effect on NFR 3 but has evident effect on NFR 1 , this is also 'semi-independent tuning'.
Finally, we further investigate the sensing performance based on the proposed structure, as shown in Fig. 8(a) and (b) . The resonant wavelength has a red shift with refractive index increasing from 1 to 1.06. Here, the proposed structure still has good sensitivity, about 1100 nm/RIU for NFR 3 and 950 nm/RIU for NFR 4 , which is better compared with those in the references [2] , [21] , [35] . The FOM curve is shown in Fig. 8(b) , and the maximum is as high as FOM = 2.73 × 10 4 at λ = 978 nm, which is much higher compared with those previous plasmonic sensors reports [4] , [18] , [26] . 
Conclusion
In summary, the transmission characteristics of the proposed structure which composed of an MIM waveguide with a disk and a ring cavity are analyzed and investigated using the FDTD method. Simulation results show that the ring cavity supports a discrete state and the disk provides a continuous spectrum, and the interaction between them gives rise to the Fano resonance. In addition, multiple Fano resonances are achieved by adding end-coupled cavities. The multiple Fano resonances originate from different mechanisms and can be tuned semi-independently by changing the parameters of the end-coupled cavities. The proposed structure can work as a highly efficient plasmonic nanosensor with a sensitivity of ∼1100 nm/RIU and figure of merit (FOM) of ∼2.73 × 10 4 . The proposed structures may have potential applications in highly integrated photonic circuits and networks, especially for the sensing, slow light and nonlinear devices.
